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Abstract

The inappropriate programming of the reproductive system by developmental exposure to excess

steroid hormones is of concern. Sheep are well suited for investigating developmental origin of

reproductive and metabolic disorders. The developmental time line of female sheep (~5 mo

gestation and ~7 mo to puberty) is ideal for conducting sequential studies of the progression of

metabolic and (or) reproductive disruption from the developmental insult to manifestation of adult

consequences. Major benefits of using sheep include knowledge of established critical periods to

target adult defects, a rich understanding of reproductive neuroendocrine regulation, availability of

non-invasive approaches to monitor follicular dynamics, established surgical approaches to obtain

hypophyseal portal blood for measurement of hypothalamic hormones, and the ability to perform

studies in natural setting keeping behavioral interactions intact. Of importance is the ability to

chronically instrument fetus and mother for determining early endocrine perturbations. Prenatal

exposure of the female to excess testosterone (T) leads to an array of adult reproductive disorders

that include LH excess, functional hyperandrogenism, neuroendocrine defects, multifollicular

ovarian morphology, and corpus luteum dysfunction culminating in early reproductive failure. At

the neuroendocrine level all three feedback systems are compromised. At the pituitary level,

gonadotrope (LH secretion) sensitivity to GnRH is increased. Multifollicular ovarian morphology

stems from persistence of follicles, as well as enhanced follicular recruitment. These defects

culminate in progressive loss of cyclicity and reduced fecundity. Prenatal T excess also leads to

fetal growth retardation, an early marker of adult reproductive/metabolic diseases, insulin

resistance, hypertension and behavioral deficits. Collectively, the reproductive and metabolic

deficits of prenatal T-treated sheep provide proof of concept for the developmental origin of

fertility and metabolic disorders. Studies with the environmental endocrine disruptor, bisphenol-A

(BPA), show that reproductive disruptions found in prenatal BPA-treated sheep are similar to

those seen in prenatal T-treated sheep. The ubiquitous exposure to endocrine disrupting
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compounds (EDC) with steroidogenic potential via the environment and food sources, calls for

studies addressing the impact of developmental exposure to environmental steroid mimics on

reproductive function.
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INTRODUCTION

The hormonal, nutritional, and metabolic environment to which the developing fetus is

exposed during gestation can permanently program many aspects of its development. These

programmed events are expressed during adulthood as altered physiology or pathology. The

developing fetus has the capability to develop compensatory strategies to overcome

programming via changes in the in utero environment. Such compensations could be

adaptive, if they support survival, or disruptive, if they compromise postnatal survival

(Godfrey et al., 2010). The ability of the developing fetus to change structure and / or

function in response to physiological cues from the mother is known as developmental

plasticity and underlies the concept of the developmental origin of disease theory or Barker

hypothesis (Barker, 1994). In the last decades, concerns are mounting relative to exposure to

environmental pollutants that include pesticides, fertilizers, and industrial byproducts, due to

their ability to interfere with normal homeostasis. For example, these imposters can reach

pregnant ruminants via grazing on polluted pastures, delivered via processed commercial

food, modify the maternal environment, adversely influence developmental trajectory of

organ differentiation, and culminate in reproductive and / or metabolic dysfunctions. It is

also becoming apparent that there is significant interaction between diet and endocrine

disruptors with diet playing a modulatory role in ameliorating or amplifying the impact of

these endocrine disrupting chemicals (Baldi and Mantovani, 2008). This review will provide

proof of principle to the concept of developmental origin of dysfunction by addressing the

reproductive and metabolic defects in female sheep arising from prenatal exposure to excess

native steroids or endocrine disrupting chemicals that have the ability to signal through

steroid receptors during critical developmental windows with specific emphasis on those

that target estrogen and androgen signaling pathways.

DEVELOPMENTAL PROGRAMMING OF REPRODUCTIVE AND METABOLIC

DYSFUNCTION WITH NATIVE STEROIDS

The fetus is extremely sensitive to steroid hormone exposure during its early development.

Steroids play a critical role in regulating the trajectory of tissues and organ differentiation

during development. Endocrine disrupting compounds (EDC) that can signal via steroid-

mediated pathways during critical periods of development can lead to long term

consequences, which may be detrimental to animal and human health. For instance, it is

known since the 1970s that gestational exposure to excess testosterone (T) from early to

mid-gestation can induce phenotypic virilization in females. The masculinization of brain

with this treatment is also evident at the behavioral level, with female offspring manifesting
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male typical behavior (Jost et al., 1973; Gorski, 1986; Wood and Foster, 1998). The degree

of penetration of the virilization trait depends on the dose and the window of exposure in

sheep (Wood and Foster, 1998). Similar outcomes at reproductive and metabolic levels have

been documented in other species as well (monkey: Abbott et al., 2002, rat: Manneras et al.,

2007, and mouse: Sullivan and Moenter, 2004).

Sheep are exceptional animal models to study fetal physiology (Harding and Bloomfield,

2004). Their large size permits performance of detailed and repetitive hormonal profiling,

noninvasive sequential monitoring of ovarian follicular dynamics via ultrasound, and

multiple neurotransmitter measures at the brain level. In addition, because they are a

domesticated species, animals can be kept in a natural setting free from stress associated

with caging. Their duration of gestation (~147 d) and timing of puberty (~28 wk in females)

makes them an exceptional animal model to study developmental programming of adult

reproductive disorders from insult to outcome within a reasonable time frame. As a

precocial species, similar to humans, most of the organs / systems differentiation occurs

prior to birth. The developmental timeline for ovarian, hypothalamic, and pancreatic

differentiation in sheep is shown in Figure 1. Importantly, they are amenable for collecting

fetal blood samples enabling assessment of fetal endocrine milieu.

Extensive investigations have been carried out to address the impact of T programming in

sheep (Padmanabhan and Veiga-Lopez, 2013a,b). Two windows of prenatal T treatment

have been studied; an early and long exposure period (from d 30 to 90 of gestation; referred

from now on as T30–90) and a late and short exposure period (from d 60 to 90 of gestation;

referred from now on as T60–90) (Figure 2). Because T is an aromatizable androgen, some

of its actions may be facilitated via estrogenic programming. In support of this premise, fetal

investigations with sheep following gestational T treatment have indeed demonstrated that

gestational T treatment leads to fetuses being exposed not only to increased T levels, but

also increased estradiol levels (Veiga-Lopez et al., 2011). To validate this premise, in initial

studies, outcomes resulting from gestational exposure to T were compared with outcomes

from gestational exposure to a non-aromatizable androgen dihydrotestosterone (DHT;

Figure 2). The effects were assumed to be androgen mediated when both treatments

produced the same effect. Effects of gestational T that were not mimicked by DHT were

assumed to be estrogen mediated. Since DHT can be metabolized to 3 beta-diol and exert its

effect via estrogen receptor beta (ESR2) (Handa et al., 2008) in subsequent studies, to

confirm androgen-mediated effects, androgen action was negated by co-treating with an

androgen antagonist, flutamide (Figure 2). The experimental unit for all data reported in this

review are female fetuses or female offspring of mothers treated during gestation with either

native steroids (T and / or DHT) or endocrine disruptors.

Reproductive Cyclicity and Periovulatory Disruptions

Earlier studies found T30–90 Dorsett breed females showed progressive deterioration of

cyclicity culminating in anovulation during the second breeding season (Figure 3A) (Birch

et al., 2003). Studies with other breeds of sheep have also reported effects on cyclicity

(Clarke et al., 1977; Manikkam et al., 2006) with varying degree of severity. The differences

in severity of defects found between these breeds are supportive of contribution from genetic
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predisposition relative to how they respond to insults. The fact that most of the T60–90

females cycled during the second breeding season as opposed to T30–90 animals becoming

anovulatory (Birch et al., 2003) is supportive of critical windows of susceptibility. This may

be a function of exposure relative to when the neuroendocrine feedback systems and ovarian

differentiation are getting established. For instance considering that the ovary begins to

differentiate by day 30 of gestation (Figure 1), treatment beginning at day 30 may be more

disruptive to the ovary than treatment beginning at day 60.

Investigations comparing the periovulatory changes in T30–90 and prenatal DHT-treated

from d 30 to 90 of gestation (DHT30–90) during a synchronized estrous cycle, found T30–

90, but not DHT30–90-treated females had increased preovulatory levels of estradiol, as

well as delayed and severely dampened LH surges (Veiga-Lopez et al., 2009), suggestive of

estrogenic programming of the defects that characterize the periovulatory phase.

Investigations elucidating the critical window of exposure for the hypergonadotropic defect

(LH excess) in prenatal T-treated females found that both windows of exposure (T30–90 and

T60–90) lead to increased LH release (Manikkam et al., 2008; Savabieasfahani et al., 2005).

Fertility tests conducted with T60–90-treated females found mating success was 100% when

T animals were separated from controls and bred. In contrast pregnancy rate in T60–90

females was only 40% as opposed to control flock that had a 90% pregnancy rate (Steckler

et al., 2007b; Figure 3B). Unfortunately, fertility testing is only possible in the T60–90

females, because T30–90 females are phenotypically virilized and natural mating is not

possible (Wood and Foster, 1998). Studies carried out to determine the impact of adiposity

in amplifying the reproductive disruptions observed in T30–90 females (Figure 3C)

(Steckler et al., 2009) found excess postnatal weight gain further deteriorates the luteal

response to a synchronized cycle. These findings are supportive of a two-hit hypothesis

(Tang et al., 2008); the first insult (gestational T exposure) causing organizational changes

(programming) and second (excess weight gain), contributing to the severity of the adult

phenotype.

Neuroendocrine Programming

Studies with Suffolk, Poll Dorset, and Finnish-Landrace x Dorset Horn sheep breeds have

shown that prenatal T30–90 treatment disrupts the sensitivity to all three major steroid

feedback mechanisms involved in the control of cyclic changes in GnRH / gonadotropin

secretion, namely, estradiol negative feedback (Wood and Foster, 1998; Sarma et al., 2005),

estradiol positive feedback (Wood and Foster, 1998; Sharma et al., 2002, Unsworth et al.,

2005) and progesterone negative feedback (Robinson et al., 1999; Veiga-Lopez et al., 2009)

(Figure 4). The decreased sensitivity to estradiol and progesterone negative feedbacks

contributes at least in part to the LH excess seen in the prenatal T30–90-treated sheep

(Sarma et al., 2005, Robinson et al., 1999).

Further research targeted to dissect out the androgenic vs. estrogenic contribution to the

neuroendocrine dysfunctions has demonstrated that the estradiol negative feedback

disruption is being programmed by androgenic action of T. This is substantiated by the

finding that sensitivity to estradiol negative feedback is reduced by gestational exposure to

T30–90 or DHT30–90 but reversed by co-treatment of T with flutamide, the androgen
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antagonist (Wood and Foster, 1998, Veiga-Lopez et al., 2009, Jackson et al., 2008).

Sensitivity to estradiol positive feedback was found to be reduced in prenatal T30–90

females, but not in DHT30–90 females suggesting that this disruption is likely programmed

via estrogenic actions of prenatal T (Wood and Foster, 1998, Veiga-Lopez et al., 2009).

Paradoxically, females co-treated with T plus the androgen antagonist, flutamide, (this will

block androgenic programming of T), found partial reversal of LH surge amplitude to the

estradiol positive feedback challenge in the absence of any effect on timing, suggestive of

dual organizational effects; with surge timing programmed likely via estrogenic pathways

and androgenic pathways contributing at least in part to the LH surge magnitude (Abi-

Salloum et al., 2012a). Studies testing pituitary sensitivity to GnRH found enhanced

sensitivity to GnRH in both T30–90 and DHT30–90 females suggesting that altered pituitary

sensitivity is programmed likely via androgenic actions of T (Manikkam et al., 2008).

Altered pituitary sensitivity to GnRH is also a contributing factor to the LH hypersecretion

seen in prenatal T-treated animals.

Ovarian Disruptions

Another hallmark of the prenatal T treatment is the presence of multifollicular ovaries

(accumulation of antral follicles) (Figure 5A) (West et al., 2001). These effects appear not to

be facilitated by the androgenic actions of T since similar phenotype was not evident in

prenatal DHT treatment animals (West et al., 2001; Steckler et al., 2007a). Potential causes

for the presence of multifollicular ovaries include increased follicular recruitment or a lack

of follicular atresia leading to increased follicular persistence. Both phenomena have been

demonstrated in prenatal T30–90 females. Ovarian morphometric analyses found both

prenatal T30–90 and DHT30–90 treatment enhanced follicular recruitment initially with

ovarian follicular reserve being reduced to ~50% by the end of the first breeding season only

in the prenatal T30–90, but not the DHT30–90 treated group (Smith et al., 2009) (Figure

5B). Similarly, detailed ultrasonographic evaluation found that follicles persist longer in

prenatal T-treated females (Manikkam et al., 2006) (Figure 5C). Both attributes appear to be

programmed via different steroidogenic pathways, with follicular recruitment programmed

via androgenic actions of T (Smith et al., 2009) and follicular persistence programmed via

estrogenic actions of T (Steckler et al., 2007a).

Extensive immunohistochemical studies carried out found that prenatal T treatment disrupts

steroid receptor balance. Specifically, androgen receptor expression was found to be

increased in the stroma and granulosa cells of fetal ovaries and granulosa cells of antral

follicles in adult females with this trait likely programmed via androgenic actions; both

prenatal T and DHT treatment increased androgen receptor expression during fetal life

(Ortega et al., 2009). These findings are supportive of functional hyperandrogenism in

prenatal T-treated females. At the ovarian level, other proteins (receptors, key follicular

regulators) found to be disrupted by prenatal T30–90 include estrogen receptors 1 and 2,

antimullerian hormone - a marker of follicular recruitment (Veiga-Lopez et al., 2012),

peroxisome proliferator-activated receptor gamma (PPARγ), adiponectin – a metabolic

mediator (Ortega et al., 2010), as well as B-cell lymphoma 2 protein (Bcl-2), Bcl-2-

associated X protein (BAX), and caspase-3 (CASP-3)– factors involved in apoptosis

(Salvetti et al., 2012) (Figure 6). In concert, these findings implicate involvement of
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steroidogenic, metabolic, and apoptotic pathways in the development of multifollicular

phenotype.

Metabolic Dysfunctions

Besides the reproductive defects, prenatal T treatment leads to intrauterine growth restricted

females (Steckler et al., 2005), postnatal catch-up growth and low birth weight offspring

(Manikkam et al., 2004), features that are risk factors for adult wellbeing (Boney et al.,

2005; Dulloo, 2008). T30–90 females are also characterized by insulin resistance (DeHaan

et al., 1990; Hansen et al., 1995; Recabarren et al., 2005; Padmanabhan et al., 2010) and

hypertension (assessed by radiotelemetric studies) (King et al., 2007). These metabolic

outcomes are likely of translational relevance to women with polycystic ovarian syndrome

(PCOS) the most prevalent (5 to 10%) reproductive disorder in reproductive-aged women;

up to 70% of women with PCOS manifest insulin resistance (Diamanti-Kandarakis and

Dunaif, 2012). Many believe PCOS may be a developmental disorder stemming from in

utero exposure to excess androgens (Abbott et al., 2005). Interestingly gestational T

treatment was found to also induce hyperinsulinemia in the mothers (Abi-Salloum et al.,

2012b), suggesting that some of the programmed outcomes in prenatal T-treated females

may be mediated via altered maternal insulin homeostasis.

Human and Agricultural Relevance

The reproductive and metabolic characteristics of T30–90 sheep mimic the phenotype of

women with PCOS (Table 1). Women with PCOS are characterized by oligo- / anovulation,

hyperandrogenism, polycystic ovaries, LH hypersecretion and reduced fecundity with most

manifesting insulin resistance (Diamanti-Kandarakis and Dunaif, 2012). That steroid excess

early in life may lead to manifestation of PCOS phenotype in adulthood (Apter et al., 1995)

is supported by findings of such phenotype in conditions such as classical 21-hydroxylase-

deficiency in which the fetus has been exposed to high amounts of sex steroids before birth

(Barnes et al., 1994). Interestingly, studies using cord blood samples have found that 40% of

human female fetuses are exposed to elevated levels of T, comparable to that seen in male

fetuses at 19 to 25 wk of gestation (Beck-Peccoz et al., 1991). Considering that only 5–10%

of reproductive aged women exhibit PCOS, genetic susceptibly of the individual to high

testosterone exposure likely plays a role in the development of the phenotype. The shared

reproductive and metabolic phenotype of prenatal T30–90-treated sheep to women with

PCOS makes them a valuable resource for addressing the mechanisms underlying the

etiology of development of PCOS phenotype. The constellation of metabolic outcomes

including reduced insulin sensitivity and hypertension found in T30–90 females suggest that

these animals may also be suitable for understanding the developmental origin of other

metabolic diseases such as the metabolic syndrome (Mikhail, 2009).

Induction of similar traits by exposure to industrial chemicals with steroidogenic potential

would help explain the increase in infertility and metabolic disorders in humans and likely

applicable to agricultural practices, where improved fecundity is desired. Recent findings of

effects of treated human waste, such as sewage sludge, producing multisystemic effects,

from reproductive to metabolic disruptions in animals grazing in these pastures (Bellingham
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et al., 2012; Rhind et al., 2011) emphasize the importance of focusing future research

endeavors towards potential effects of EDCs in agricultural practices.

ENDOCRINE DISRUPTING CHEMICALS

EDCs are hormonally active, synthetic or natural compounds that have been shown to

interfere with the normal functioning of the endocrine system (Damstra et al., 2002), most

notably the reproductive endocrine axis (Colborn et al. 1993; Guillette and Gunderson,

2001; Bergman et al., 2012). Of particular concern is the contamination of our environment

and our food sources with synthetic EDC, some of which are persistent and are found at

concentrations that are readily recognized by endocrine tissues.

These EDCs can interfere with hormone signaling by acting as agonists or antagonists

(Damstra et al., 2002; Hotchkiss et al., 2008). Those EDCs that have either androgenic or

estrogenic activity have the potential to interfere with biological processes involving these

signaling pathways. Compounds suspected of interfering with normal binding of estrogen to

its receptor provide the most direct and clear link to disrupted endocrine function by

environmental chemicals. There are two classes of environmental estrogens. First class

namely phytoestrogens have been shown to interfere with estrogen signaling (Murkies et al.,

1998). Great Lakes fish that live downstream from paper and pulp mill industries, where the

wood-derived compound β-sitosterol is found at significantly higher levels, or goldfish

exposed to such pollutants in the laboratory exhibit reduced gonadal size and weight,

reduced fertility, fecundity, and hatching success (Van Der Kraak et al., 1992). Another

example of such deleterious effects of phytoestrogens is clover disease in sheep. The

outbreak of this disease was discovered in Western Australia in 1940 when fertility in an

entire flock of sheep was reduced by 80 % following grazing on a type of clover rich in

phytoestrogens (Adams, 1990).

Of even more concern to human and animal reproductive health is the second class of EDCs,

those of man-made origin- xenoestrogens. Compounds such as organochlorine pesticides,

PCBs, phenolics, and phthalate esters are highly persistent in the environment and exhibit

estrogenic activity (Schafer and Kegley, 2002). Steroidogenic pollutants, such as

methoxychlor (MXC) (Gray et al., 1985; Cummings, 1997) and bisphenol A (BPA) (Rubin

et al., 2001) are of concern because, when administered to rodents, they masculanize female

brains, advance puberty, and disrupt reproductive cyclicity in adulthood. Exposure to

estrogen mimetics [i.e., polychlorinated biphenyls (PCB)] also disrupts sexual

differentiation in turtles (Crews et al., 1995) and birds (Fry and Toone, 1981). More

recently, concerns over the possible additive or synergistic effects of environmental

chemicals have grown.

The following section will focus on the impact of prenatal exposure of sheep to BPA, a

widely used industrial chemical and MXC, a pesticide, two EDCs with steroidogenic

potential. BPA is widely used in the manufacture of epoxy resins and polycarbonate plastics.

Recent studies have documented ubiquitous presence of BPA in water, air, and dust, as well

as in most human fluids including maternal circulation and placental fluids (Vandenberg et

al., 2009; Ranjit et al., 2010). This is of concern, since BPA has been found to have not only
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estrogenic, but also anti-androgenic activity (Quesada et al., 2002; Sohoni and Sumpter

1998). MXC, with estrogenic and anti-androgenic properties (Staub et al., 2002) was used to

control pests in agricultural, dairy, and domestic settings and found to persist in the

environment (National Research Council, 1999), even though its use has been banned in the

United States.

Our studies in sheep found that prenatal BPA and MXC (5 mg/kg BW per day for both

treatments) treatment from d 30 to 90 of gestation (same window used in above studies with

native steroids) induce reproductive disruptions (Savabieasfahani et al., 2006) albeit at

different levels in the reproductive axis. The internal BPA dose achieved in maternal

circulation following administration of 5 mg/kg BW of BPA (Figure 7 A) was 2 fold greater

than the greatest levels observed in maternal circulation of US women (Figure 7B) (range:

0.5 – 22.3 ng/ml; Padmanabhan et al., 2008 and range: below level of detection - 52.26

ng/ml; Gerona et al., 2013) and other industrialized countries (Vandenberg et al., 2009,

Schonfelder et al., 2002). This dose of BPA resulted in several disruptions including low

birth weight female offspring, LH excess, and severely dampened or absent preovulatory LH

surges (Figure 8) (Savabieasfahani et al., 2006). In contrast, MXC had no effect on somatic

growth (Figure 8), but delayed the onset of LH surges (Figure 8). MXC has been found in

the circulation of men and women (Botella et al., 2004; Carreño et al., 2007) and adipose

tissue of women (Botella et al., 2004). Although it was banned in the European Union in

2002 (European Commission, 2002) and U.S. in 2003 (EPA, 2004), being a persistent

chemical (Howard, 1991) is still exists in the environment (Bempah and Donkor, 2011). The

similarities between prenatal T- and BPA- and MXC-treated female offspring are shown in

Table 2. Prenatal BPA treatment, similar to T treatment, leads to low birth weight offspring,

LH excess, dampening preovulatory LH surges, and cycle disruptions. The similarity

between prenatal T and MXC treatment was restricted to delayed onset of LH surge.

Thus far, most studies addressing impact of environmental toxicants have focused on human

exposure and risks (Vandenberg et al., 2010). Similar attention has not been extended to the

agricultural side. This is because EDCs have not been considered a risk to farm animal

health or productivity. Considering farm animals are part of the food chain, one cannot

overlook the possibility that livestock have the potential to be exposed to EDCs via drinking

water, air, sewage dumps, and pesticides. For instance BPA, has been found in natural

drinking water (Bennie et al., 1997), water delivery systems that use PVC pipes, air, and

dust (vom Saal and Hughes, 2005). There are also several reports of elevated exposure to

several EDCs following the application of sewage sludge to pasture (Rhind, 2005).

As such, while very little is known regarding levels of exposure of farm animals to EDCs

and effects are yet to be seen in agricultural practices, the few farm animal studies

conducted thus far along with epidemiologic and laboratory animal studies raise awareness

to the potential for future risks to farm animal health. Low birth weight, such as evidenced

with in utero BPA treated females, if translatable to agricultural practices, could be of

potential economic significance (Savabieasfahani et al., 2006). Low birth weight increases

the feed costs to bring an animal to market weight and may impair meat tenderness

(Shavlakadze and Grounds, 2006). Since insulin and IGF-1 play critical roles in muscle

development, including the deposition of intramuscular adipose that produces marbling
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(Shavlakadze and Grounds, 2006), disruption of these signaling pathways may well have

adverse effects on meat quality (Gondret et al., 2006). More importantly, since livestock is a

food source for humans, if EDCs bioaccumulate in tissues, it would pose risk in terms of

human health. Thus, a better understanding of the effects of in utero exposure to EDCs on

the reproductive and metabolic axis of livestock will help lay the foundation for assessment

of adverse effects on efficient production and development of methods to overcome them.

SUMMARY AND CONCLUSIONS

Studies discussed in this review provide support for developmental origin of adult

dysfunctions by documenting that gestational exposure to excess T perturbs reproductive

and metabolic systems in sheep leading to infertility and metabolic dysfunctions. The

finding that severity of perturbations differs with different breeds of sheep supports the

premise that the adult phenotype is the result of interactions between genetic susceptibility

and the environment, and as such, consequences of developmental insults on adult

pathologies differ from individual to individual. Thus far, very little is known regarding the

potential interactions between genetic susceptibility of the mother to the insult during

gestation and the genetic susceptibility of the progeny to maternal alternations. Exposure of

the mother to stress, improper nutrition, or industrial byproducts would impact maternal

milieu and fetal development leading to alterations in organ differentiation. Considering that

programming of fetal organ systems are mediated in part via changes in maternal milieu,

studies addressing impact of insults during gestation should dissect out effects directed at the

fetal level (direct effects) vs. those that are mediated via changes in maternal milieu (indirect

effects). Only then, appropriate intervention strategies can be developed.

While the focus of this review is on the female offspring, it is important to recognize that

male fetuses are equally susceptible to such insults. Studies focusing on male offspring

found that gestational T treatment increases Sertoli cells in the seminiferous tubules (Rojas-

Garcia et al., 2010), reduces number of germ cells, culminating in low sperm count and

motility (Recabarren et al., 2008). Studies in humans also indicate a trend for low and

declining semen quality, increased frequency of undescended testis, and hypospadias with

recent studies implicating adverse influences from endocrine disrupting chemicals as

potential contributors (Skakkebaek et al., 2001)

It is imperative to recognize that exposure to such ubiquitously present EDCs in the

environment has the potential to jeopardize animal production efficiency, lower reproductive

outcomes, and pose risks to human health via consumption of such food sources exposed to

EDCs. Unfortunately, while large number of studies is being carried out in agricultural

species relative to impact of maternal diet (Langley-Evans, 2009; Oliver et al., 2007;

Nathanielsz et al., 2013; Gardner et al., 2008; Ford and Long, 2011; Bertram and Hanson,

2001; Harding et al., 2011) and stress (Gräbner et al., 2009; Schwab et al., 2012; Braun et

al., 2013), the impact of exposure to endocrine disrupting chemicals on reproductive and

metabolic health has not received the needed attention. Large animal models, such as

ruminants, are of critical importance in biomedical research, especially in perinatal medicine

to develop interventions targeted at the fetal level (Rudolph, 2008). The long gestational

period in ruminants allow chronic feto-placental adaptations (Morrison, 2008). Capitalizing
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on principles of developmental programming that have been carefully worked out using

dietary interventions (Nathanielsz, 2006), future studies should extend studies carried out in

rodent models to determine risks posed by environmental factors in ruminants. This will

facilitate a better understanding of the underlying mechanisms, as well as help in developing

interventions to overcome developmental pathologies in agricultural species, as well as

humans.
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Figure 1.
Developmental trajectory of hypothalamic, ovarian, and pancreatic differentiation in sheep,

where establishment of hypophyseal portal vasculature to pituitary, appearance of LH and

FSH in circulation, complete ovarian follicular differentiation, and pancreatic islet formation

occurs prenatally. Abbreviations used: Hypothalamus [GnRH neurons: appearance of first

GnRH immunoreactive neurons, Olf. GnRH: GnRH neurons visible in olfactory bulb, and

Hyp. GnRH: appearance of GnRH neurons in the hypothalamus]; Ovary [Im: implantation].

Modified from Padmanabhan and Veiga-Lopez, 2013a.
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Figure 2.
Schematic showing timing and duration of the various steroid or endocrine disrupting

chemical treatments used in studies discussed in this review. Abbreviations used: T:

testosterone, DHT: dihydrotestosterone, BPA: bisphenol A, and MCX: methoxychlor.
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Figure 3.
Panel A: reproductive cyclicity in sheep during the first and second breeding seasons

(assessed via twice weekly progesterone measures) in control, T60–90, and T30–90 females

(modified from Birch et al., 2003). Panel B: percentage of T60–90 females becoming

pregnant (modified from Steckler et al., 2007b). Panel C: percent of control (C), over-fed

control (OFC), T30–90, and overfed T30–90 (OFT) females that showed a luteal

progesterone increase after estrus synchronization with 2 injections of PGF2α, 11 d apart.

Note the sub- and short luteal phases in T-treated females and anovulatory nature of nearly

all overfed T30–90 females (modified from Steckler et al., 2009). Abbreviations used: T30–

90: females prenatally treated with testosterone (T) from d 30 to 90 of gestation, T60–90:

females prenatally treated with testosterone (T) from d 60 to 90 of gestation, and PGF2α:

prostaglandin F2α.
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Figure 4.
Schematic of neuroendocrine feedback systems involved in the control of GnRH and LH

secretion. Feedback 1: GnRH and LH release is under the control of negative feedback

action of estradiol, which is predominant during the prepubertal and anestrus period.

Feedback 2: positive feedback actions of estradiol responsible for generation of the

preovulatory LH surge and onset of cyclicity. After puberty (adulthood, right panel), a third

feedback mechanism comes into play (Feedback 3), namely negative feedback action of

progesterone, operational during the luteal phase (modified from Foster et al., 2007).

Padmanabhan and Veiga-Lopez Page 19

J Anim Sci. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5.
Panel A: follicular morphology of ovary from control and T30–90 females. Note the

accumulation of antral follicles in the T30–90 sheep (from West et al., 2001). Panel B: mean

(± SEM) number of primordial and growing follicles on fetal d 90 and 140 and at 10 mo of

age in control, T30–90 and DHT30–90 ovaries (from Smith et al., 2009). D90 = fetal day

90; D140 = fetal day 140. Panel C: ovarian follicular dynamics determined by ovarian

ultrasonography for 8 d in control and T30–90 sheep during the first breeding season (from

Manikkam et al., 2006). Each line depicts one follicle. Note the increase in maximum size
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and duration of the largest follicles on the ovary in T30–90 sheep compared to control

females. Abbreviations used: T30–90: females prenatally treated with testosterone (T) from

d 30 to 90 of gestation and DHT30–90: females prenatally treated with dihydrotestosterone

(DHT) from d 30 to 90 of gestation. D1 = day 1; D3 = day 3, D6 = day 6; D9 = day 9.
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Figure 6.
Schematic showing changes in ovarian protein expression in control and T30–90 females

during fetal life [androgen receptor (AR), peroxisome proliferator-activated receptor γ

(PPAR-γ), Bcl-2-associated X protein (Bax)] and adult life [(estrogen receptors 1 and 2

(ESR1 and ESR2), antimullerian hormone (AMH), adiponectin, B-cell lymphoma 2 protein

(Bcl-2), caspase-3 (CASP-3), proliferating cell nuclear antigen (PCNA)]. Changes observed

in the fetal ovary support the morphological changes reflecting increased follicular

recruitment seen at gestational d 90. Changes seen with steroid and insulin signaling,

paracrine mediators, and apoptotic factors, reflect morphological changes observed in adult

ovaries, such as multifollicular morphology and follicular persistence. Abbreviation used:

T30–90: females prenatally treated with testosterone (T) from d 30 to 90 of gestation.
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Figure 7.
Panel A: levels of circulating bisphenol A (BPA) achieved in control (open circles) and BPA

treated (closed circles) pregnant sheep on d 50, 70, and 90 of gestation (d 20, 40, and 60 of

treatment, respectively) following daily administration of 5 mg/kg of BPA, subcutaneous

(Savabieasfahani et al., 2006). Panel B: maternal levels of BPA (mean ± SEM) in

Southeastern Michigan relative to maternal age (Padmanabhan et al., 2008).
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Figure 8.
Panel A: birth weight of control, prenatal MXC, and bisphenol-A (BPA)-treated female

offspring (Savabieasfahani et al., 2006). Panel B: mean circulating levels of LH in

prepubertal control, prenatal MXC, and BPA-treated females (Savabieasfahani et al., 2006).

Panel C: circulating patterns of LH from 3 control, 3 prenatal MXC- and 3 BPA-treated

females taken at 2-h intervals for 120 h, after induction of luteolysis with 2 injections of

PGF2α 11 d apart (Savabieasfahani et al., 2006).
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Table 1

Attributes of women with PCOS and prenatal T30–90-treated sheep. Abbreviation used: T30–90: females

prenatally treated with testosterone (T) from d 30 to 90 of gestation.

Attributes Women with PCOS Prenatal T-treated
sheep

Anovulation Yes Yes

Hyperandrogenism Yes (functional) Yes

LH excess Yes Yes

Reduced sensitivity to
steroids Yes Yes

Multifollicular ovaries Yes Yes

Increased follicular
recruitment / persistence Yes Yes

Insulin resistance Yes Yes

Fetal growth retardation Yes A Yes

Altered behavior Yes Yes

Hypertension YesB Yes

Obesity amplification Yes Yes

1Based on a study conducted with a Spanish cohort (Ibáñez et al., 1998). 2Risk factor in PCOS (Essah and Nestler, 2006).
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Table 2

Attributes of prenatal T30–90-treated, bisphenol A (BPA)-treated, and methoxychlor (MCX)-treated sheep.

Abbreviation used: T30–90: females prenatally treated with testosterone (T) from d 30 to 90 of gestation.

Attributes Prenatal
T-treated

Prenatal
BPA-treated

Prenatal
MXC-treated

LH excess Yes Yes No

Cycle disruption Yes Yes Yes

Dampened LH surge Yes Yes No

Increased amplitude of E2 Yes Yes No

Delayed LH surge onset Yes No Yes

Fetal growth retardation Yes Yes No
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